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Abstract 
Manufacturing variation in MEMS is inevitable due to the nature of the fabrication processes.  We quantify the variations and 
analyze its effect on the performance of a constant CMRA sensor.  Finite element analysis was used to verify the effective mass 
and stiffness of the structure and overall performance was analyzed using lumped mass parameter model.  From the results we 
found that the variations may cause some reduction on the CMRA performance. However, the variations may naturally stagger 
the mass of the constant CMRA to produce unique output signals with which any mass changes should be able to be detected. 
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1. Introduction 
Manufacturing variation in MEMS (Micro Electro Mechanical Systems) is inevitable.  The variation can come 
from many factors. These include external sources such as environmental factors, different batches of wafers, 
tolerance in the fabricated mask, and the fabrication processes itself.  The fabrication processes induce wafer to 
wafer as well as the variation on a single wafer [1].  The variations in processing time and process temperature have 
critical influences in most of MEMS processes.  A slight difference in processing time and temperature may vary 
the geometrical dimension of the fabricated structure.  The temperature control and thermal stability of the machine 
used to process the MEMS device may also cause some discrepancy on the structure dimension.  This paper 
analyzes the effect of variation on the performance of the coupled micro resonator array (CMRA) sensor structure.  
The CMRA is a new type of chemical sensor which has been developed for distinguishing different types of odours 
in the form of liquid or vapours [1-3]. The frequency response of the CMRA can be measured at any ends of the 
structure array is used to trace the mass absorbed by the sensors. The response patterns depend on the effective mass 
of the resonators and stiffness of springs used to anchor and couple the resonators [1,2]. The manufacturing 
variation may change the geometrical dimensions, which in turn will affect the CMRA performance. 
 We previously highlighted that there was a potential problem with a constant CMRA where all the resonators are 
identical [2].  Constant mass design of the CMRA may give a potential problem in distinguishing any masses 
absorbed by the sensors. The variation may alter the geometrical dimension of the resonators.  Each resonator may 
have a slightly different mass, which will help to improve the distinguishability of the CMRA output signal.  This 
 
* Corresponding author. Tel.: +44 0 121 414 4226; fax: +44 0 121 414 3958. 
 E-mail address: nhs621@bham.ac.uk 
1876-6196/09 © 2009 Published by Elsevier B.V. 
doi:10.1016/j.proche.2009.07.207
8
Open access under CC BY-NC-ND license.
 paper presents the performance of the constant designed CMRA and analyses the variation impact on the structure 
performance. We considered the impact in terms of the measurability and distinguishability of the output signal 
before and after a mass is absorbed by the sensor. We also analysed the stability of the eigenvectors for the 
unperturbed and perturbed structure (when mass is absorbed by the structure), which is very important in order to 
determine any mass changes absorbed by the sensor.  In brief, any changes of mass absorbed by the CMRA can be 
determined using inverse eigenvalue analysis which requires input of the perturbed eigenvalues and perturbed 
eigenvectors.  Since the perturbed eigenvectors are difficult to monitor, the unperturbed eigenvectors can be used to 
represent the perturbed eigenvector in the analysis. To reduce the error in estimation of mass absorbed by the sensor 
the perturbed eigenvectors should remain approximately closed to the unperturbed eigenvector. This paper also 
highlights an approach to quantify the variation of the fabricated CMRA sensor. The FEA using COMSOL 
Multiphysics 3.4 Software was employed to validate the effective mass and stiffness of the coupled resonator.  
2. CMRA Variation Quantification  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The CMRA was fabricated using 20 micron (silicon-on-insulator) SOI wafer. Standard bulk micromachining 
processes were used to fabricate the structure. The manufacturing variations were quantified by measuring the 
geometrical dimension of the fabricated CMRA using scanning electron microscope (SEM). Fig. 1(a) – 1(e) 
illustrate details of the geometrical structure of the 5 constant CMRA structure. The geometrical parameter to be 
measured were considered based on the number of repeated elements in the coupled structure (refer to Table 1).  We 
measured 5 different chips (5 x 5 mm in size) which contain single and coupled resonators. Table 1 presents an 
example of result of the quantified variation data analysis measured on a single chip. The mean (µ) and standard 
deviation (σ) of the fabricated structure were established using 1-sample t test analysis with 90 percent confidence 
interval. We calculated the variation in terms of manufacturing tolerance, V1 (variation between the fabricated and 
designed structure) (V1= ((µ – µo)/ µo)*100) and part to part variation of the fabricated structure (V2 = (σ / µo)*100). 
From Table 1, we can observe that the width of anchor spring (WAsp) and the width of finger (WFin) with 3 µm size 
show the highest manufacturing tolerance and part to part variations. The quantified variation data were then used to 
generate random variables and fed into lumped mass parameter analysis in order to analyze the effect of the 
variations on the sensor performance (refer to Fig. 2(a)). 
3. Variation Analysis: FEA and Lumped Mass Parameter Analysis 
Fig. 2(a) summarizes the steps in analyzing the effect of variation on the CMRA performance.  We used FEA to 
determine the performance of the designed structure (single and CMRA) in terms of its natural frequency, the 
effective mass and stiffness of the structure. The natural frequency was simulated using Eigenfrequency analysis [2]. 
The effective stiffness, k [N/m] was determined using Static analysis (Fig. 2(b)) with parametric solver. By fixing a 
static input force and initializing the structure mesh, the solver returned the k value through a linear relationship 
between force, F [N] and static displacement, x[m]: F = kx.  The effective mass of the single resonator (mR) was 
calculated using an equation which relates the natural frequency ωn , k and mR: ωn = sqrt (k/ mR). Table 2 highlights 
the performance parameter of the designed CMRA, which was analyzed using FEA.  In order to analyze the overall 
Table 1: Manufacturing Variation data analysis (Note: µo: Nominal 
value of design parameter, µ: mean of fabricated structure, σ: 
standard deviation, V1: manufacturing tolerance, V2: part to part 
variation, C3: chip 3 samples) 
Dimension 
/(N sample) 
µo  
[µm] 
µ  
[µm] 
σ V1 
[%] 
V2 
[%] 
C3WAsp  (24) 3 4.298 0.0460 [43.30] 1.53 
C3LAsp  (24) 201 (s) 
216 (L) 
200.19 
214.07 
0.6630 
0.7250 
[-0.40] 
[-0.89] 
0.33 
0.34 
C3WEmas  (6) 19 20.10 0.0316 [5.79] 0.17 
C3LEmas  (6) 38 37.64 0.0665 [-0.94] 0.18 
C3WFin  (25) 3 4.23 0.0497 [41.03] 1.66 
C3LFin  (25) 10 9.90 0.0486 [-0.99] 0.49 
 
Fig. 1, (a) Schematic diagram of 5 constant Coupled Micro Resonator Array; (b) Scanning electron microscope (SEM) images of Resonator 
end mass (Emas); (c) Anchor spring (Asp)  ; (d) Single resonator ; and (e) Example of Measured Geometrical Parameter of Comb fingers. 
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CMRA performance and the impact of variation, a lumped mass structure model was established which relates 
between ωn , k and mR of the 5 coupled resonator array structure (equation (1)).  
 
(ωn )2   [X]     =    [M-1] [K] [X]                                  (1)     
                                               
Equation (1) was obtained from the equation of motions of the CMRA structure.  X is the displacement matrix of the 
5 degree of freedom CMRA, M is the Mass matrix and K is the stiffness matrix. We established the numerical 
analysis to calculate the effective mass and stiffness of the single resonator and coupling spring so that they are 
comparable with the FEA value. We embedded the numerical formulation into equation (1). Using MATLAB code 
we computed the 5 eigenfrequencies and eigenvectors of the CMRA. We compared the performance of the CMRA 
before and after 1 percent of mass were added at each of the resonator (R1-R5).  
To present the variation in the analysis, we generated random variables based on the quantified µ (mean) and σ 
(standard deviation) of the fabricated structure (refer to Table 1). As an example, a random variable for finger width 
RanWFin : 
       RanWFin = LoLWFin + (UpLWFin - LoLWFin) * Rand (1,N)          (2) 
Where,        LoLWFin =  µWFin – (TWFin (N) * σ WFin)/sqrt (N + 1) ; (the lower limit of the WFin variable)       (3) 
UpLWFin =  µWFin  + (TWFin (N) * σ WFin)/sqrt (N + 1); (the upper limit of the WFin variable)       (4) 
 
Rand (1,N) is a MATLAB command to generate N random numbers between 0 and 1.  TWFin (N)  is a statistic 1 
sample t test value for the N sample size of the quantified parameter.  We fed the generated random variables into 
the lumped mass model analysis to represent all the considered geometrical changes due to the manufacturing 
variation. We simulated the effect of variation before and after mass were added to the structure. We plotted the 
graphs of the 5 eigenfrequencies and eigenvectors of the designed and fabricated CMRA to observe the effect of 
mass changes due to variation on the performance of the CMRA. 
 
 
 
 
 
 
 
 
 
 
4. Results and Discussion  
Fig. 3(a) shows an eigenmode or eigenvector analysis result of the 5 constant CMRA at initial (unperturbed) 
condition, where no mass is absorbed by the structure. The Constant CMRA provides a measurable condition for the 
output signal as can be observed on the sensor response at R1 and R5 (where the output signal retreats from ‘0’). 
However, the constant CMRA does not provide a unique frequency response patterns for any mass changes 
absorbed by the resonators.   As illustrated in Fig.3 (b), the eigenfrequencies of the 5 coupled CMRA are always 
similar when either only R1 or any single resonator absorbs the mass. Therefore, no distinctive output signals 
pattern to represent the signatures of the odours absorbed by the resonators. With constant CMRA design, the mode 
shape or eigenvector of the perturbed structure are always unstable (dissimilar) compared to the unperturbed 
structure (Fig 3 (c)).  Fig. 4(a) – (c) portray the analysis result of the effect of manufacturing variation on the CMRA 
sensor performance. Fig. 4(a) shows the lowest simulated response due to variation, which was monitored at R1. 
The variation may reduce the measurability of the fabricated sensors as some modes of the sensor approach to zero 
(very small displacement). However it may alter some response pattern of the sensor due to the change of the 
geometrical dimension of the sensors. Fig.4 (b) illustrates the plot of frequency differences of the sensor when either 
R1 or R5 absorbing the mass. From the analysis, out of 100 variation of the 5 CMRA, approximately 67 percent of 
the resonator R1 and R5 showed distinctive response; with the frequency difference more than 10 Hz. Fig. 4(c) 
shows an example of the stable eigenvector due to the imparted manufacturing variation. 
Fig.2,(a) Flow of approaches: Impact of manufacturing variation analysis on the CMRA performance; (b) Static analysis of the single resonator  
 
Performance Parameter FEA 
ωnR  [Hz] 13336.1 
ωnCSP [Hz] 59110.8 
mR, [Kg] 3.61e-9 
mRCSP [Kg] 4.6e-12 
kR  [N/m] 25.4 
kCSP  [N/m]   0.6344 
 
Table 2: CMRA Performance parameter; Note:- R: : 
Single resonator; CSP: Coupling spring. 
Structure Fabrication 
Variation Quantification  
Structure Performance (FEA) 
 
Impact of Variation (Lumped Mass Analysis) 
Frequency Response Measurement 
 
Random variables generation 
2(a) 
 
 
 
Static force 2(b) 
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5. Conclusion 
A Constant CMRA provides a measurable frequency response.  However the structure does not has a unique 
response pattern to distinguish any masses absorbed by the sensor.  The constant mass design also causes unstable 
system’s eigenvector, which make it difficult to determine any changes of mass absorbed by the sensor. The 
variation may reduce the measurability and consistency of the frequency response output of some of the coupled 
sensors. The variation may cause unbalanced distribution of mass between the adjacent resonators and reduce the 
quality factor (Q) of the resonators. As a result some of the resonators response will become very small. However, it 
can be observed that the variation may help to naturally stagger the geometrical dimension of the CMRA for 
uniqueness of the response pattern of the CMRA as the mass detection sensors. The variation may help to modify 
the stability of the CMRA system’s eigenvector, so that it will be insensitive to any small amount of mass absorbed 
by the sensor. Therefore, any changes of mass can easily be estimated with less error. To confirm the sensor 
performance, the simulated response needs to be compared to the measured response of the fabricated CMRA. 
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Fig.4 (a) the effect of variations on the response observed at resonator 1; (b)  The probability of differences in 5 eigenfrequencies of CMRA 
when either R1 or R5 absorbs the mass; (c) Example of stable eigenvector, before and mass is added on the structure    
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Fig.3, (a) the relative displacements of 5 modes of constant CMRA; (b)   Frequency response pattern of 5 the constant CMRA; (c) Unstable 
eigenvector of the constant CMRA (before and after mass is added at particular resonator) 
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